Purpose: The SENSIMED Triggerfish â contact lens sensor (CLS) has an embedded micro-sensor that captures spontaneous circumferential changes at the corneoscleral junction and transmits them via an antenna to a device where these measurements are stored. During laparoscopic colorectal surgery, patients are placed in Trendelenburg position which has been shown to increase intraocular pressure (IOP). Laparoscopic colorectal surgery requires both pneumoperitoneum and Trendelenburg positioning; therefore, IOP can vary significantly. We aimed to assess whether circumferential changes in the corneoscleral area can be correlated to IOP changes measured using Tono-pen â XL applanation tonometer during laparoscopic colorectal surgery. Method: Patients undergoing laparoscopic colorectal resections were included. On the day of surgery, baseline IOP was taken and the SENSIMED Triggerfish â CLS was then set up in one eye of the patient. During surgery (whilst under general anaesthetic), IOP measurements were taken in the contralateral eye using a Tono-pen â XL applanation tonometer every hour and any time the table was moved to record the fluctuations of IOP during surgery and any association with position change. The timings of these readings were documented. Results: Twenty patients were included in this study (six males, 14 females). Average age was 64.6 years (SD = 16.3). The fluctuation in IOP measured in the reference eye ranged between 6.3 and 46.7 mmHg. The mean correlation coefficient between CLS output measurements and these IOP measurements was r = 0.291 (95% CI). Conclusion: Our results showed a weak correlation between the SENSIMED Triggerfish â CLS data output and IOP measurements taken using the Tonopen â XL applanation tonometer.
Introduction

SENSIMED Triggerfish
Ò , (Lausanne, Switzerland) CLS is a noninvasive wireless soft CLS designed to take automated recordings of IOP-related patterns for up to 24 hr. The CLS is a soft disposable contact lens containing a sensor which sits on the front of the eye like an ordinary contact lens (Fig. 1) . The lens is made from pure silicone with an oxygen plasma surface treatment to avoid it drying out with an oxygen transmissibility of 119 Dk/t units to avoid hypoxia of the cornea. The sensor is 585 lm thick in the centre and 260 lm thick at the periphery with a diameter of 14.1 mm (medGadget 2013) . After the lens is fitted, a selfadhesive, flexible, disposable antenna is placed on the peri-orbital region for a single 24-hr period (Fig. 2) . A data cable connects the antenna to the recorder which is worn in a pouch (NICE 2014) .
The CLS measures spontaneous dimensional changes of the eye at the corneoscleral junction to record the IOP-related profile for 24 hr. It takes 300 data points during the 30-seconds recording period at 5-min intervals over the 24 hr. The median value from these reading intervals is recorded and transmitted wirelessly from the sensor to the antenna and then transferred via the wire from the antenna to the recorder. Over a 24-hr period, 288 data points are recorded in mV equivalents e242 (mVeq) (Mansouri et al. 2015) . To improve accuracy of these readings, the lens is available in three curvature radius sizes: 8.4 mm (steep), 8.7 mm (medium) and 9.0 mm (flat) (medGadget 2013) . The radius of lens is decided based on corneal contour measurements taken preinsertion (Keratometry). The CLS measures changes in ocular dimensions through a strain gauge in the contact lens. The assumption behind this technology is that variations in IOP lead to changes in ocular volume and consequently dimensions that can be detected at the corneoscleral junction (NICE 2014; Mansouri et al. 2015) . Hjortdal & Jensen (1995) carried out an in vivo study and Lam & Douthwaite (1997) an in vitro study looking at correlation between IOP and corneal curvature in humans. They showed an IOP change of 1 mmHg lead to a central corneal radius of curvature change of approximately 3 lm (over a typical radius of 7.8 mm) (Leonardi et al. 2004 ).
The CLS is stimulated by a typical DC current (I 0 ) of 100 lA, and it gives an output voltage proportional to strain on the strain gauges and theoretically to the IOP variations (Leonardi et al. 2004 ). The initial reading taken when the lens is first inserted is recorded as 0 mveq. All subsequent readings are recorded in proportion to this. For example, if the distension of the corneoscleral region is less than when the lens was first inserted, it is recorded as a negative reading.
Intraocular pressure (IOP) has been shown to be reduced when in the supine position after general anaesthetic (GA). The balance between the increase in IOP that may occur when in the Trendelenburg position and the reduction in IOP that occurs following GA is likely to play an important role in the net ocular perfusion pressure. Resting IOP has been shown to be determined by episcleral venous pressure with IOP varying directly with episcleral venous pressure. Vascular congestion leading to episcleral venous congestion may also be a significant factor in the rise in IOP in the Trendelenburg position (Grant et al. 2010 ).
Aim
To assess for possible correlation between measurements by SENSIMED Triggerfish Ò CLS and the Tono-pen Ò XL applanation tonometer (Tonopen Ò XL) during laparoscopic colorectal surgery.
Materials and Methods
The study was reviewed and approved by the Nottingham Ethics Committee and undertaken in accordance with the tenets of the Council of Helsinki. All patients undergoing a planned laparoscopic left-sided colorectal resection under the colorectal surgery service at Nottingham University Hospital were invited to participate in the study. Those expressing an interest to participate were given a patient information leaflet, and patients who agreed to participate signed a consent form prior to any study interventions. Patients with a history of significant ocular disease or ocular surgery other than glaucoma or an allergy to Tetracycline or Latex were excluded from our study.
Baseline eye examination was carried out on all patients including best corrected visual acuity, Gonioscopy, central corneal thickness, Goldmann Applanation Tonometry and Tonopen Ò XL; Tono-pen Ò XL measurements were repeated after lying the patient supine for 5 min. All Tonopen Ò XL readings during this study were taken after administering 1% tetracaine eye drops and repeated to obtain three readings at 5% accuracy, and the readings were averaged. Keratometry was also carried out to select the correct CLS size.
The following anaesthetic protocol was followed: general anaesthesia with either spinal or thoracic anaesthesia was given. Spinal anaesthesia consisted of intrathecal diamorphine (up to 500 mcgs) and bupivacaine (up to 20 mgs). Epidural anaesthesia was maintained with 0.125% levobupivacaine and fentanyl 4 mcgs/ml. Induction of general anaesthesia included midazolam (25-50 mcgs/kg), remifentanyl (0.5-1 mcg/kg) or fentanyl (1-2 mcgs/kg), propofol (1-2.5 mgs/kg) and neuromuscular blockade with either Rocuronium or atracurium was given. Anaesthesia was maintained with intraoperatively target controlled remifentanyl infusion at (0.05-2.0 mcg/ kg/min) and oxygen/air/desflurane.
On the day of surgery, baseline IOP was taken using the Tono-pen Ò XL applanation tonometer as the CLS was set up, and the first calibration reading was recorded at 0 mV. The CLS was then set up in one eye of the patient. The left eye was used unless the patient preferred the right eye. During surgery (whilst under GA), IOP measurements were taken in the fellow (control) eye every hour following anaesthetic induction and any time the table was tilted. These recordings acted as the reference IOP values against which fluctuation recorded by the SENSIMED device were compared. It also allowed profiling of IOP and determination of maximum fluctuation of IOP. The timings of these readings were documented to allow direct comparison with the SEN-SIMED tracing. All contralateral eye IOP measurements were taken with a Tono-pen Ò XL. The CLS has a recording period of 24 hr, after which it stops recording and the lens was removed. This allowed a comparison of the CLS curve during theatre and the rest of the period. The data was then downloaded using SENSIMED software, extracted and analysed.
Statistical analysis
As each lens is calibrated to the individual patient, we could not simply pool all of the data from our patients. Pearson's correlation coefficient between CLS measurements and IOP measured by the Tono-pen Ò XL was calculated for each patient. The individual correlation coefficients were then pooled using a meta-analytic approach by taking into account the different number of readings and potential heterogeneity between patients. Stata metan code was used to perform meta-analysis modelling. All correlation coefficients were transferred into Fisher's Z-value for meta-analysis modelling, and the pooled Fisher Z-score (95% CI) was then transformed back to a correlation coefficient with 95% CI using z to r transformation equation. A two-tailed Student t-test was carried out to compare the baseline IOP between both eyes. p < 0.05 was considered significant.
Results
Twenty-five patients agreed to take part in this study. However, five patients were excluded as three patients did not tolerate the lens, and with two patients we had CLS equipment issues. The final analysis consisted of the 20 patients, (six males and 14 female). All patients underwent scheduled routine colorectal surgery and had a mean age of 64.6 AE 16.3 years (range: 18-78 years old), (Table 1) .
Baseline IOP measurements using Goldmann applanation tonometry were taken in both eyes and did not show a statistically significant difference between the eyes. The eye in which CLS was placed had a mean IOP of 15.5 mmHg (SD = 2.5), compared to the control eye (in which the Tonopen measurements were taken) with a mean IOP baseline of 15.5 mmHg (SD = 2.2), t-value = 0.33, df = 19; p = 0.7481. There was no significant difference between central corneal thickness in fellow eyes (mean CLS group thickness was 547.4 lm (SD = 26.4); control group mean thickness of 547.5 lm (SD = 27.7); tvalue = 0.0752, df = 19; p = 0.9409.
Fisher's Z transformation was carried on Pearson's correlation coefficients. Table 1 shows the individual correlation coefficients for each patient with the standard error and also shows the z-values obtained after Fisher's r to z transformation was carried out.
A fixed-effect meta-analysis showed significant between study heterogeneity among correlation fisher z-score (v 2 = 44.6, df = 19, p = 0.001); therefore, random effect model was performed to integrate the 20 patients' z-values. The pooled z-value of 0.30 (0.18, 0.41) as shown in Graph 1 using a random effect model plot. This zvalue was then converted using Fisher's z-value to r transformation giving an r correlation coefficient of 0.31(95% CI) There was significant heterogeneity; I 2 was 57.4% and v 2 was 44.56 (df = 19) with p = 0.001. Figure 1 is a graph of the intraoperative data collected for patient 1. It shows a good correlation between the data collected by the CLS and the IOP measurements taken using the TonoPen Ò XL. correlation between the CLS data and IOP measurements by the Tono-Pen
Pearson's correlation coefficient between CLS output data and the Tono-pen Ò measurements was 0.30 (95% CI, using same p-value as for pooled Fisher Z), indicating there is a weak positive correlation between the readings taken by the Tono-pen Ò and CLS.
Discussion
SENSIMED Triggerfish
Ò CLS is based on the assumption that variations in IOP lead to proportional changes in ocular volume and dimensions. Although this assumption has been validated in vitro by Lam & Douthwaite (1997) , the practical use of CLS data needs to be further validated (Mansouri et al. 2015) . At present, the CLS output signal is delivered in arbitrary units for which no conversion into IOP values exists. This makes individual lens readings difficult to interpret.
This study was designed to look at the accuracy of the CLS IOP fluctuations in comparison with the accepted method of IOP measurements taken using the Tono-pen Ò XL. Availability of IOP readings during laparoscopic colorectal surgery would allow management of raised IOP by medication or changing position of the patient, this may be especially important in patients with existing glaucoma. Although the Tono-pen Ò XL is portable, it still requires a trained operator to carry out the measurements and is cumbersome and disruptive in an operating theatre environment. The CLS would overcome these issues and allow IOP measurements to be carried out without disruption throughout the procedure.
Our study showed significant variation between the correlation of measurements taken using the Tono-pen Ò XL and the CLS. The heterogeneity chi-squared of correlation coefficient between patients was 44.6. The overall correlation coefficient calculated using a meta-analytical approach was 0.3 which indicates a weak positive correlation between the two methods of IOP measuring. There are several possible explanations for this observation. One possibility is that there is a true poor correlation in IOP between fellow eyes when undergoing laparoscopic surgery and that the SENSIMED device is accurately measuring this poor correlation between eyes -however, the literature that exists for IOP measurements in normal and glaucoma patients suggests that there is a close correlation between fellow eye IOP measurements (Liu et al. 2005; Sit et al. 2006 ) and so it is unlikely that this poor correlation is the likely explanation. Another possibility is that the SENSIMED device in this situation is not accurately measuring the strain changes at the corneoscleral area possibly due to the supine position of the patient or because of the nonphysiologic environment of the operating theatre. Faschinger et al. undertook a study in five volunteers with healthy eyes. They also measured IOP with applanation tonometry in one eye and CLS in the other. They changed the position of the volunteers from sitting to supine to head down and compared the curve between the CLS and applanation tonometer. They also found the two profiles did not follow the same shape indicating poor correlation between the CLS measurements and IOP (Faschinger & Mossbock 2013) . Hollo et al. (2014) also found minor temporary changes in IOP were not always picked up on the CLS. This may be due to compensatory mechanisms to maintain corneal shape to a constant ocular power. (Lam & Douthwaite 1997) A third possibility relates to changes of the corneal curvature. The CLS output relies on proportional corneal curvature change with IOP and was initially adapted and tested on enucleated pig eyes (Leonardi et al. 2009 ). This correlation may not be present in the human eye where other factors such as movements of the eye/eyelids may also affect the corneal curvature (SunaricMegevand et al. 2014) .
Whatever the underlying cause the poor correlation observed means that In addition to our observation of poor correlation, there are other drawbacks to the use of the CLS. Of our 25 patients, we had to exclude three patients from our study as after insertion of the lens, it was not tolerated by the patients and they requested the lens be removed. This included the discomfort of the lens itself, of which the concern of two patients was related to the lens causing blurring of vision and the third patients suffered a corneal abrasion and did not tolerate the lens. The blurred vision has also been described in previous tolerability studies carried out by Mansouri et al. who though found a good tolerability of the lens with a comfort score of eight out of 10 in a study of 10 patients. The tolerability of the lens in this study was also closely related to the visual analogue score (Mansouri et al. 2012 ). The blurred vision that can occur from the lens has been suggested to be due to the refractive power of the CLS itself and also due the orthokeratologic effect of the CLS as good close fit of the lens is required (Mansouri et al. 2012) . Another drawback currently is that the SENSIMED does not provide 'live data' as the data are recorded on the device and then has to be downloaded before a tracing of the IOP profile can be seen and evaluated -clearly for ongoing monitoring of IOP in a theatre environment this is unhelpful as the point of using SENSIMED in theatre is to provide an ongoing live reflection of the patients IOP and to allow clinicians to respond to dangerous fluctuations accordingly when they occur.
There were several limitations to our study. The number of readings taken using the Tono-pen Ò XL varied between patients. The number of readings taken depended on the length of surgery and how often the operating table was moved during surgery. We were unable to measure IOP with the Tono-pen Ò XL in the eye the CLS was in, although any IOP variability is likely to be similar between eyes (Liu et al. 2005; Sit et al. 2006) .
The data the CLS provides are relative to the first measurement it takes and uses a different unit of measure. National Institute of Clinical Excellence (UK) have suggested the SENSIMED Triggerfish Ò CLS produces a qualitative profile of relative IOP peaks and patterns over 24 hr (NICE 2014) . As the data from the sensor is measured in electrical units (millivolts) referenced against a starting value of 0 at each recording session, data from the CLS cannot be directly compared with results from currently used IOP measurement devices, which measure pressure in millimetres of mercury (Mansouri et al. 2015) .
Conclusions
Our study suggests the correlation between IOP measurements taken by Tonopen and IOP profile measured by SENSIMED CLS in the contralateral eye of patients undergoing laparoscopic colorectal surgery is poor. In addition, there were a small but significant number of patient who were unable to tolerate the contact lens. The lack of a 'live data' facility means that although measurement is continuous the current recording process does not allow clinicians to actively monitor IOP fluctuations and react appropriately when concerned. Refining of the current SENSIMED device to address these issues and importantly ideally develop an algorithm to present data outputs in terms of an IOP measurement may provide a useful tool in monitoring intraoperative IOP in patient undergoing laparoscopic colorectal surgery.
